ABSTRACT Reciprocal molecular markers were developed to distinguish the closely related parasitoid species Encarsia formosa Gahan and E. luteola Howard. E. formosa is widely used in the biological control of whiteßies and yet, based upon morphology, it is extremely difÞcult to distinguish from E. luteola. The D2 expansion region of 28S rDNA was sequenced from seven strains of E. formosa and two strains of E. luteola to assess the amount of genetic variation within and between species at this locus. From parsimony analysis we Þnd that populations of E. formosa and E. luteola each form a monophyletic clade and are probably each otherÕs most closely related sister taxon. Based upon the sequence variation between species, we present a simple molecular assay to rapidly and unambiguously distinguish E. formosa and E. luteola.
THE WHITEFLY Bemisia argentifolii Bellows & Perring has become one of the predominant agricultural and horticultural pest species throughout many subtropical and tropical zones of the world. Since its introduction to the United States in the mid-1980s, B. argentifolii has caused more than $2 billion in crop loss, crop damage, and pest control (Toscano et al. 1998) . The control of whiteßies by traditional chemical means has become difÞcult because of ground water contamination and pest resistance, forcing efforts toward alternative means of control (Landa et al. 1994) . Aphelinids are common parasitoids of whiteßies, and members of the genus Encarsia Fö rster have been used with success in several biocontrol programs. Encarsia is cosmopolitan and speciose, currently containing 267 described species and subdivided into 8 Ð29 species groups, depending on the author (J. Woolley and J.M.H., unpublished data). Of 107 Encarsia species documented as parasitoids of whiteßies, at least eight are currently under study for biological control (van Lenteren et al. 1997) .
Encarsia formosa Gahan became one of the most successful natural enemies in biological control after its use to control the greenhouse whiteßy Trialeurodes vaporariorum (Westwood) (van Lenteren and Woets 1988) . E. formosa is applied on a large scale in the greenhouse industry with an estimate of Ϸ5,000 ha in Ͼ20 of the 35 countries that have a greenhouse industry (van Lenteren et al. 1996) . However, the control of Bemisia spp. in commercial greenhouses by E. formosa has yielded mixed results (Benuzzi et al. 1990; Parrella et al. 1991; Hoddle and Van Driesche 1996; Hoddle et al. 1997a Hoddle et al. , 1997b .
The desire to measure the potential of prospective biological control agents before their introduction as natural enemies has led to laboratory evaluations of the performance, behaviors, and biology of Encarsia species. Among strains of E. formosa there are documented behavioral differences (Heinz and Parrella 1994 , van Lenteren et al. 1997 . One strain of E. formosa ("Beltsville" strain) invaded a research greenhouse in Maryland, USA, and is believed to represent a natural population . The Beltsville strain showed consistent differences in percent parasitization and other life-history characteristics as compared with commercially reared strains of E. formosa (Heinz and Parrella 1994 , van Lenteren et al. 1997 . However, at the biochemical and molecular levels there is a surprising lack of detectable genetic differences between strains of E. formosa (Nemec and Stary 1984, Gai et al. 2000) . Gai et al. (2000) were unable to detect sufÞcient genetic differences for the development of molecular markers to clearly distinguish the Beltsville strain from a standard strain of E. formosa, despite screening 2,500 Ð5,000 ampliÞed fragment-length polymorphism (AFLP) bands, and found the two strains identical in gene sequence at two rapidly evolving loci. The lack of detectable genetic variation results suggests that different strains of E. formosa have diverged only quite recently (Gai et al. 2000) .
Although no phylogeny of Encarsia species has been proposed, E. formosa and E. luteola Howard are considered closely related, if not merely population variants of the same species (Schauff et al. 1996) . Encarsia formosa and E. luteola, as well as eight other Encarsia species, are members of the luteola species group. This grouping is based largely on having a four, rather than Þve-segmented midtarsus, although the utility of this character for deÞning the group has been questioned (Hayat 1998) . In the original description of E. deserti, a name later synonomized with E. luteola by Polaszek et al. (1992) , Gerling and Rivnay (1984) compared the diagnostic characteristics of this species with E. formosa. In addition, two identiÞcation keys to species of Encarsia discussed the morphological differences between E. formosa and E. luteola (Polaszek et al. 1992 , Schauff et al. 1996 . The morphological characters used to separate these species include number of multiporous plate sensilla on the antennae, color of the occipital region, number of cells along the diagonal axis of the axilla, and degree of surface sculpture on the mesosoma. Unfortunately, these characters can be difÞcult to discern or are variable within each species and Polaszek et al. (1992) acknowledged they have "come across certain individuals which (they) cannot conÞdently identify as either species."
Encarsia luteola shares many of the same hosts as E. formosa, including B. argentifolii and T. vaporariorum (Schauff et al. 1996) . E. luteola and E. formosa are both widespread in the New World (Polaszek et al. 1992 , Schauff et al. 1996 , and both were routinely reared from mass whiteßy collections during a 2-yr survey of agricultural sites in the Rio Grande Valley of Texas (Riley and Ciomperlik 1997) . The two species have been introduced to one or more locations in the Old World for biological control of Bemisia spp. and T. vaporariorum (Gerling and Rivnay 1984 , Rivnay and Gerling 1987 , Polaszek et al. 1992 , Huang and Polaszek 1998 . Although E. formosa is now considered established throughout Europe, the only recovery of E. luteola was made in Israel, the site of release (Rivnay and Gerling 1987) .
Although the two species are quite similar in morphology, there are distinct behavioral differences between E. formosa and E. luteola. E. formosa is a thelytokous species, which rarely produces males because of the presence of Wolbachia (Zchori-Fein et al. 1992) , whereas males are common in E. luteola (Gerling and Rivnay 1984) . Parasitism of T. vaporariorum by E. formosa causes melanization of the puparia, whereas parasitism by E. luteola does not induce melanization of immatures (Gerling and Rivnay 1984) . The two species differ in host feeding, percent parasitism, and total number of B. argentifolii nymphs killed; although the signiÞcance of these differences depends on the strain of E. formosa and poinsettia cultivar used (Heinz and Parrella 1994) .
It is unlikely that the taxonomic problem of distinguishing E. formosa and E. luteola will be resolved using classic morphological techniques. Rather, it has been suggested that morphometrics or other methods will be necessary to overcome these difÞculties (Polaszek et al. 1992 ). Here we review the morphological characters currently used to distinguish E. formosa and E. luteola. We then characterize the amount of genetic variation within and between species, and present a molecular assay that rapidly distinguishes E. formosa and E. luteola.
Materials and Methods
Specimens. "D" numbers were assigned to all specimens to distinguish multiple strains of the same species. Individuals from a colony of E. formosa D131, maintained at University of California, Riverside, were supplied by T. Bellows. DNA Extraction and Sequencing. Adults were either fresh frozen and stored at Ϫ80ЊC, or killed directly in 95% EtOH. Adults stored in alcohol were dried in open Eppendorf tubes in a 32ЊC water bath for 30 min before DNA extraction. Total genomic DNA was puriÞed by the following modiÞcations of Campbell et al. (1993) to allow for the small size of the wasps. Individual insects were ground in 50 l sterile buffer (10 mM Tris, 2.5 mM MgCl 2 , 50 mM KCl), 50 l phenol, and 2 l 20% SDS. After separation by centrifugation, DNA was ethanol precipitated and resuspended in 30 l dW.
Polymerase chain reaction (PCR) ampliÞcation of the 28S-D2 gene region was performed in 20-l reactions using primer sequences as described in Campbell et al. (2000) . The PCR cycles were as follows: 3 min at 94ЊC; followed by 30 cycles of 45 s at 94ЊC, 30 s at 55ЊC, 1.5 min at 72ЊC; followed by a Þnal extension of 30 min at 72ЊC. PCR products were puriÞed using the QIAquick PCR PuriÞcation Kit (Qiagen, Valencia, CA) and cloned using the pGEM-T Vector System (Promega, Madison WI), each according to manufacturerÕs instructions. The Wizard Plus Minipreps DNA PuriÞcation System (Promega) was used to prepare clones for sequencing. Simultaneous Bi-Directional sequencing reactions using SequiTherm EXCEL II Long-Read Sequencing Kits (Epicentre Technologies, Madison, WI) were run on an automated DNA Se-quencer (model 4200, LI-COR, Lincoln, NE) to obtain sequence information for both strands of the 28S-D2 gene region. Sequences of each strand were aligned using MacVector and any ambiguities were resolved by eye. One or two clones were sequenced from each individual, and one to three individuals were sequenced from each strain. Sequences have been deposited in GenBank database under accession numbers AF223366-AF223378.
Restriction Digests. Under the same conditions described above, DNA was ampliÞed using each cloned fragment as template. PvuI and SalI digests of 15 l ampliÞed product were performed according to manufacturerÕs suggestions (Promega). Fragments were separated on 8% polyacrylamide minivertical gels, stained with EtBR and photographed under UV illumination.
Sequence Analysis. Sequences were initially aligned by MacVector and realigned by eye. The average heterozygosity per nucleotide site was calculated as the number of pairwise differences divided by the number of shared nucleotides. Relationships among nucleotide sequences were inferred using PAUP 4.0b2a. An exhaustive search of 654,729,075 trees resulted in a single most-parsimonious tree. One hundred replicates for bootstrap and jackknife analyses were implemented, and successive approximations character weighting was performed using the maximum value of the rescaled consistency index and a base weight of 1,000.
Results
Morphological Analysis. Overall, E. formosa and E. luteola are very similar in morphology. In side-by-side comparisons the Þrst distinction is a slight and variable color difference in the occipital region, with E. formosa tending to be somewhat darker than E. luteola.
Other distinguishing characters are noted once the specimens are slide mounted. Females of E. formosa have longitudinal multiporous plate sensilla (MPS) on funicular segments I and II ( Fig. 1 a and b) , whereas these structures are absent in E. luteola ( Fig. 1 c and  d ) Rivnay 1984, Polaszek et al. 1992 ). However, the MPS on the basal segments are visible only with particular aspects of the antenna and very often they are obscured in slide mounted preparations because of the Þxed placement of antennae. In our experience, the MPS was observed in only Ϸ20% of specimens in several series of E. formosa in the UCR collection. Scanning electron microscopy ( Fig. 1 ) avoids this complication because it allows free rotation of the specimen, but it is an expensive and sometimes unavailable option.
Two additional characters used to distinguish E. formosa (Fig. 2, left panels) and E. luteola (Fig. 2 , right panels) are the number of cells along the diagonal axis of the axilla, and the reticulation of the surface sculpture on the mesosoma (Polaszek et al. 1992 , Schauff et al. 1996 . E. formosa usually has six or more cells along the diagonal axis of the axilla (Fig. 2b) , and very Þne rugae (or wrinkles) within the interior of the mesoscutal areolae (Fig. 2c) . In contrast, E. luteola typically has Þve or fewer cells diagonally (Fig. 2e) and the rugae within the cells are much more pronounced (Fig. 2f) . Neither of these characters is completely dependable for identifying the species. Caution must be used when counting the number of cells diagonally across the axilla as counts can vary substantially depending on the chosen angle. For example, the E. formosa individual shown (Fig. 2b) could be described as having from six to nine cells along the diagonal axis, depending on the exact line chosen. More importantly, the E. luteola individual shown (Fig. 2e ) may be described as having four to six cells, the latter causing misidentiÞcation of this specimen. Moreover, the strength of the rugae in the mesoscutal areolae is subjective and difÞcult to quantify. In addition, to the described difÞculties, these characters also vary between individuals of the same species, and there is noted overlap between E. formosa and E. luteola. Thus, individuals with a moderate number of cells (Þve or six) along the diagonal axis of the axilla, or moderate surface sculpture on the mesosoma, can easily be misidentiÞed (Polaszek et al. 1992 , Schauff et al. 1996 , this study).
Molecular Analysis. In an attempt to unambiguously classify specimens of E. formosa and E. luteola, we have identiÞed two reciprocal molecular markers. The D2 region of 28S rDNA was sequenced for two strains of E. luteola and six strains of E. formosa. The amount of diversity within and between species is measured by calculating the heterozygosity per nucleotide site (Table 1). The two populations of E. luteola differ in sequence at a single nucleotide. Likewise, there is very little sequence variation between populations of E. formosa. Three of these sequences are identical and the others vary by at most three base pair differences resulting in a mean heterozygosity of 0.2%, a single nucleotide difference. The Beltsville strain of E. formosa (D302 obtained from John Sanderson, Cornell University, after submission of the manuscript) was sequenced and found to be identical to strains D131, D230, D240. In contrast to the neglible variation within E. formosa, the amount of sequence variation between the two populations of E. meritoria, 1.3%, is nearly six times larger.
Although there is little within-species variation in E. formosa or E. luteola, there is a substantial amount of sequence divergence, 3.0%, between E. formosa and E. luteola. This diversity measure is perhaps best interpreted when compared with the amount of sequence variation between other species in the luteola species group (Table 1) . Although the observed amount of sequence variation between E. formosa and E. luteola is substantial, it is less than that of all other betweenspecies diversity comparisons, which range from 4.8 Ð 6.1%. As expected, the amount of diversity (10.4 Ð 11.2%) between species of the Encarsia luteola group and the sister genus Encarsiella is considerably greater than the average divergence of species within the luteola group.
A parsimony analysis based upon the 28S-D2 gene region was performed using 11 individuals from four species of the luteola species group and rooting with the sister genus Encarsiella. Of 635 aligned bp, 43 were parsimony-informative characters. A single most-parsimonious tree (Fig. 3) was recovered from the analysis with a length of 130 steps, consistency index of 0.923, and retention index of 0.875. All branches of this tree are well supported by bootstrap and jackknife analyses and the tree is stable to successive approximations character weighting. The six populations of E. formosa form a monophyletic clade, as do the two populations each of E. luteola and E. meritoria. Encarsia hispida is placed as sister taxon to those taxa indicated above, and E. formosa and E. luteola are sister taxa. These are the same relationships, including a monophyletic luteola group, that result from a more extensive analysis including additional Encarsia species (unpublished data).
The patterns of little within-species sequence variation and substantial between-species variation have enabled us to develop two reciprocal molecular markers from the 28S-D2 gene region that unambiguously distinguish E. formosa and E. luteola. As highlighted in (Fig. 5, left panel) . Alternatively, in a SalI digest all populations of E. luteola remain uncut whereas all populations of E. formosa have the diagnostic SalI restriction site and are cut into 290 and 344 bp fragments, which appear as a doublet on the gel (Fig. 5, right panel) .
Discussion
Encarsia formosa and E. luteola are difÞcult to distinguish based on morphology alone. The required slide mounting techniques are laborious and some characters, such as the amount of cellular reticulation on the mesosoma, may be difÞcult to detect in slide mounted preparations. Based on a sampling of two and six individuals per species, the D2 expansion region of 28S rDNA provides sufÞcient genetic variation to characterize and unambiguously distinguish these species. Because the amount of variation between E. formosa and E. luteola is an order of magnitude greater than the amount observed within either species and is twice that observed within E. meritoria, this data suggests that, based on genetic distance, E. formosa and E. luteola are indeed evolving as distinct species. However, because the observed amount of variation between E. formosa and E. luteola is less than that of all other between-species comparisons, the divergence of E. formosa and E. luteola is likely a relatively recent event.
The reciprocal molecular markers developed here provide a rapid assay for characterizing large numbers of individuals. The PvuI cut site in E. luteola is unique among 11 tested species, whereas the SalI cut site in E. formosa is present in three of the 11 tested species, including E. hispida (unpublished data). Because reliable morphological characters are available to separate more distantly related species from E. formosa and E. luteola, a combined morphological and molecular approach is advised. Future work may create a purely molecular key to the identiÞcation of common Encarsia species. Of 11 examined species, we have identiÞed unique restriction sites for eight species and can distinguish the other species based on a combination of restriction enzymes (unpublished data). However, the large task of creating a molecular identiÞcation key will entail testing multiple individuals of multiple populations of many species of Encarsia for variation in restriction site polymorphism. Nonetheless, the molecular techniques used in this study could easily be adapted to simultaneously test groups of individuals for potential cross contamination in insectary and other colonies. This application may prove useful in quality control programs of large rearing facilities; particularly those in which both E. formosa and E. luteola are being produced for biological control. 
